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Abstract—This article proposes the design of H∞-based ro-
bust current controller for single-phase grid-feeding voltage
source inverter with an LCL filter. The main objective of
the proposed controller is to have good reference tracking,
disturbance rejection and sufficient LCL resonance damping
under a large range of variations of grid impedance. Based on the
aforementioned performance requirements, frequency dependent
weighting functions are designed. Subsequently, the sub-optimal
control problem is formulated and solved to determine the
stabilizing controller. Computational footprint of the controller
is addressed for ease-of-implementability on low-cost controller
boards. Finally controller hardware-in-the-loop simulations on
OPAL-RT are performed in the validation stage to obtain per-
formance guarantees of the controller. The proposed controller
exhibits fast response during transients and superior reference
tracking, disturbance rejection at steady-state when compared
with proportional- and resonant-based current controllers.
Index Terms—H∞-based loop shaping, current controller,
parametric uncertainty, robust control, voltage source inverter.
I. INTRODUCTION
With the proliferation of distributed energy resources
(DERs), grid-feeding voltage source inverters (gfVSIs) have
become an essential component of the distribution network.
These VSIs are usually connected to a network with regulated
voltage and frequency maintained either by the grid or by the
local grid-forming DERs [1]. gfVSIs are often terminated by
LCL filters and operated with a current control scheme in
order to inject a regulated current into the network with a
desired power factor and limited harmonic content [2].
Various types of control schemes and their advancements for
gfVSIs have been proposed in literature. Classical controllers
such as proportional-integral (PI) controller-based control in d-
q domain, proportional-resonant (PR) controller-based control
in α-β domain for gfVSIs are most popular due to the sim-
plicity in design and ease of implementation [3]–[5]. However,
lack of robustness in performance of these controllers due to
varying system conditions are one of the major drawbacks [6].
Hysteresis current controllers are equally popular due to the
advantage of simplicity and robustness [7]. However, the major
limitation of hysteresis control is the dependency of the VSI
switching frequency on the load parameters resulting in de-
graded performance with current harmonics ripple [8]. Model-
predictive current controllers are proposed in [8] in order
to circumvent these limitations. However, powerful controller
platform is a prerequisite to employ this control scheme due to
their added complexity. Other advanced controller designs e.g.
linear quadratic regulator-based full-state feedback controller
[9], sliding-mode controller [10], repetitive controller [11], two
degree-of-freedom quasi-PI controller [12], are also proposed
at the cost of controller complexity and added computational
burden. Moreover, damping of LCL filter resonance is not
considered in these works that can lead to performance degra-
dation and stability issue. Damping of LCL resonance is real-
ized either actively by including additional feed-forward loops
of the voltage and current measurements from the filter as
proposed in [13] or passively by proposing new types of output
filters [14]. Moreover, reference [15] proposes a state feedback
as active damping for the LCL filter resonance. Reference
[16] provides a repetitive control for current controller of grid-
connected VSIs with no LCL resonance damping scheme.
Most of the aforementioned controllers lack robustness in
performance with a wide-range of variations in grid impedance
parameters that exists due to ever changing adjustments of
the network configurations through opening and closing of
circuit breakers. The inevitable variation in equivalent grid
impedance (experienced by the gfVSIs) has a large impact
on the resultant LCL resonant frequency and as a result on
the stability [17]. Reference [18] proposes a dual-loop current
control scheme with grid-side inverter current and capacitor
current measurement feedback system to damp the resonance
effect. Enhanced transient response and robustness against the
grid impedance variations are achieved at the cost of increased
number of sensors for the controller, hence increase in the cost.
Robust active damping of the varying resonance and stabil-
ity of the control system with grid impedance uncertainties are
the greater concerns for gfVSIs today. Robust design of con-
trollers with performance criteria is gaining attention recently.
Reference [19] proposed a robust outer-filter inductor current
controller along with classical PI-based inner-filter inductor
current controller. This architecture introduces robustness of
the controller in presence of uncertain grid impedance at the
cost of increased number of current sensors. Moreover, active
damping of filter resonance is not considered in the design.
This article presents a design of H∞-based optimal current
controller for single phase gfVSIs with good reference track-
ing, disturbance rejection, sufficient LCL resonance damping
and is robust under a pre-specified range of variations of grid
impedance, that is not well-studied in the current literature.
Controller hardware-in-the-loop (CHIL) based real-time sim-
ulation on OPAL-RT are performed for testing the viability and
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+Fig. 1. A single-phase grid-feeding VSI connected to distribution network.
Fig. 2. Bode plot of Ginv with varying grid impedance.
efficacy of the proposed controller. The proposed architecture
is compared against conventional PR-based controllers and are
shown to have superior performance in attaining the above-
mentioned objectives in presence of uncertain grid impedance
parameters. The contribution of this article is toward achiev-
ing robust performance of the current controller against the
variation of grid impedance. It also facilitates the control with
low complexity and no additional requirements of sensors.
II. PLANT MODEL DESCRIPTION OF GRID-FEEDING VSI
The power circuit of a single-phase gfVSI connected to a
distribution network at the point of common coupling (PCC)
is shown in Fig. 1. The VSI is composed of a dc bus, Vdc,
four switching devices, S1, S2, S3, S4, and an LCL filter with
Lf , Lg and Cf as filter inductors and capacitor respectively
with Rf and Rg as parasitic resistances of filter inductors. The
distribution network is represented by the Thevenin equivalent
voltage source, vTh, in series with the Thevenin equivalent
impedance ZTh := RTh + jωoLTh where ωo (in rad/sec) is
the nominal frequency of the distribution network. The VSI
operates in P -Q control mode by employing a current control
strategy to regulate its output real and reactive power while
being supported by a stable voltage and frequency source such
as the grid, hence called grid-feeding VSI. The controller uses
sinusoidal PWM switching technique to generate the switching
signals. The dynamics of the VSI are described as:
Lf
d〈iL〉
dt
+Rf 〈iL〉 = 〈vinv〉 − 〈vC〉, (1)
LT
d〈iinv〉
dt
+RT 〈iinv〉 = 〈vC〉 − 〈vTh〉, (2)
Cf
d〈vC〉
dt
= 〈iL〉 − 〈iinv〉, (3)
where 〈.〉 signifies the average values of the corresponding
variable over one switching cycle (Ts) [5]. Laplace transfor-
mation and algebraic manipulation with (1), (2) and (3) result:
Iinv(s) = Ginv(s)Vinv(s)− GTh(s)VTh(s), (4)
where, Ginv(s) and GTh(s) are transfer functions parameter-
ized by Lf , Rf , Cf , LT := Lg +LTh and RT := Rg +RTh.
III. IMPACTS OF NETWORK ON PLANT MODEL DYNAMICS
As observed in (4), distribution network has impacts on the
open-loop plant dynamics of a gfVSI. Firstly, both Ginv(s)
and GTh(s) consist of LT and RT (in turn consists of LTh
and RTh) as parameters that introduce uncertainties in the
plant model. Secondly, VTh(s), imposed by the network, is
acting as an exogenous disturbance signal to the plant. Where
the latter one is a classical disturbance rejection problem, the
severity of the former one questions the robust performance
and needs to be discussed elaborately which is presented next.
A. Effect of Thevenin Equivalent Grid Impedance Parameters
The resonant frequency of the LCL circuit in Fig. 1,
neglecting resistive elements of the circuit, is given as:
fres =
1
2pi
√
Lf + LT
LfLTCf
(in Hz). (5)
The presence of parasitic resistances can provide passive
damping to the resonance phenomenon, however minimal.
Therefore, it is recommended to keep the pass-band of the
current controller smaller than the resonant frequency, pre-
determined based on the designed Lf , Lg and Cf , in order to
avoid instability due to resonance phenomenon. However, it is
observed that the resultant resonant frequency is sensitive to
grid parameters, especially grid inductance (LTh). In case of a
stiff grid with small LTh, provided a properly designed filter,
it can be ensured, to some extent, that the resultant resonant
frequency is larger than the bandwidth of the controller.
However, this issue is more severe in case of a weak grid
system associated with large LTh. For a sufficiently weak
grid, the resultant resonance frequency may decrease and the
corresponding resonance peak may enter the pass-band of the
current controller as illustrated in Fig. 2. This uncertainty in
grid impedance introduces difficulties in controller design [17].
In severe most situation, e.g. weak grid conditions, due to low-
power transformers and long power lines in rural areas, this in
turn results in instability of the gfVSIs as evidenced in [18].
B. Modeling of Uncertain Grid Impedance
A systematic design of grid impedance variation for leverag-
ing the gfVSI control is elaborated in this section. The open-
loop plant model for the controller, as given in (1), (2), (3), of
the circuit configuration in Fig. 1 is shown in Fig. 3 (inside the
blue box). Clearly, variations in grid impedance (i.e. RTh and
LTh) results in real-parametric uncertainties in the parameters,
RT , LT , of the transfer function (highlighted in red) in Fig. 3.
The short-circuit ratio (SCR) is often used to characterize the
grid stiffness/weakness and it comes handy in determining
the equivalent impedance of the grid at the PCC [17]. It is
mathematically defined as (V NomPCC )
2/
[
SB
√
(ωoLg)2 +R2g
]
,
where, V NomPCC is the nominal RMS voltage at PCC, and SB
is the rated apparent power of the gfVSI. Usually the grid at
PCC is considered as weak when the SCR is less than 3. In this
work, with a pre-specified SCR (< 3) and given X/R ratio of
grid, the nominal grid impedance parameter are determined,
denoted as LNTh and R
N
Th. By considering ±100% variations
over nominal values, it is assumed that LTh ∈ [LTh, L¯Th]
and RTh ∈ [RTh, R¯Th]. It is to be noted that very stiff to
extremely weak grid conditions are considered by designing
the grid impedance parameters in this way. As a result,
LT := L
N
T + wLδL, RT := R
N
T + wRδR, (6)
where, δL ∈ [−1, 1], δR ∈ [−1, 1], LNT = Lg + 12 [L¯Th+LTh],
RNT = Rg +
1
2 [R¯Th + RTh], wL =
1
2 [L¯Th − LTh] and
wR =
1
2 [R¯Th − RTh]. This is the classical real parametric
uncertainty modeling, quite commonly found in robust control
theory. However, in synthesizing the controller with defined
uncertainties in 1/(LT s + RT ), this representation is quite
difficult to handle. Linear fractional transformation (LFT)
approach can be utilized to convert the model into an upper
LFT, given by FU (M,∆) as follows [20] :[
M11 M12
M21 M22
]
︸ ︷︷ ︸
M
=
1
sLNT +R
N
T
 −swL −wR−swL −wR 11
−swL −wR 1
 ,
s.t.
1
sLT +RT
= M22 + M21∆(I−M11∆)−1M12,
where, ∆ = diag(δL, δR).
IV. PROPOSED H∞-BASED SOLUTION
A. Objectives and Operation of the Control System
A P -Q controlled gfVSI operates to inject a pre-specified
reference active power, Pref , and reactive power, Qref ,
(defined locally/centrally) into the network by employing a
current control strategy [1]. An outer ‘Reference Generation
Block’ (as shown in Fig. 1) eventually generates the iref signal
using its P -Q set-points and output signals from phase-locked
loop (PLL). The expression of iref is given by
iref (t) =
√
2
√
P 2ref +Q
2
ref
V¯
sin
(
θ˜ − arctan Qref
Pref
)
. (7)
A PLL operates with its grid-synchronization technique and
generates signals, V¯ , θ˜, containing the RMS value and syn-
chronized phase information of vPCC respectively. In this
work, a 1-φ second order generalized integrator-based syn-
chronous reference frame PLL (SOGI-SRF-PLL) is used [21].
The generated iref along with the measured iinv are the inputs
to the ‘Control Logic’ block as shown in Fig. 1. The objective
here is to design a feedback control law through controller,
CH∞(s) as shown in Fig. 3, which generates a control signal,
vinv , such that, i) iinv tracks iref with minimum tracking
error, ii) effects of vTh on iinv is largely attenuated, iii) vinv
Fig. 3. Proposed H∞-based robust current controller synthesis.
satisfies the bandwidth limitations. Moreover, all aforemen-
tioned objectives need to be satisfied with model uncertainties.
In other words, it is necessary to provide the controller
with enough robustness to deal with uncertainties caused by
the distribution network. These objectives are derived from
acceptable standards on power quality, e.g. IEEE Std 519 [22].
B. Design Procedure of the H∞-based Controller
H∞-based controller design provides a framework for ad-
dressing multiple objectives. Here, the design is based on
the system structure illustrated in Fig. 3 where user-defined
weighting transfer functions, WS(s), WCS(s), Wd(s), are se-
lected based on the aforementioned objectives. The guidelines
for designing the weighting functions are provided below.
1) Selection of WS(s): To shape the sensitivity transfer
function, the weighting function, WS(s), is introduced so that
• the tracking error, e, at fundamental frequency is low,
• the LCL filter resonance of the VSI is actively damped.
WS(s) is modeled to have peaks around ωo and LCL resonant
frequency, ωr, with 2nd order roll-off, kS,1(s) and formed as
WS(s) = kS,1(s)s
2 + 2kS,2ζωos+ ω
2
o
s2 + 2ζωos+ ω2o
s2 + 2kS,3ζωrs+ ω
2
r
s2 + 2ζωrs+ ω2r
,
where, kS,2 and kS,3 are selected to exhibit peaks and ζ takes
care of the off-nominal frequency around the nominal values.
2) Selection of WCS(s): WCS(s) is designed to suppress
high-frequency control effort to shape the performance of
vinv . Hence, it is designed as a high-pass filter with cut-off
frequency at switching frequency and is ascribed the form:
WCS(s) = kCS s+ kCS,1ωo
s+ kCS,2ωo
, where kCS,1 << kCS,2.
3) Selection ofWd(s): Wd(s) emphasizes the expected dis-
turbances at fundamental and harmonic frequencies imposed
by vTh and emphasized by exogenous signal vˆTh. It is based
on the assumption that the network voltage comprises funda-
mental and considerable amount of 3rd, 5th, 7th harmonics
[22]. Hence, it is designed by a low-pass filter, kd(s), with
peaks at selected frequencies and is ascribed the form:
Wd(s) = kd(s)
∏
h=1,3,5,7
s2 + 2kd,hζhωos+ h
2ω2o
s2 + 2ζhωos+ h2ω2o
,
where, the values of kd,h are selected based on the voltage
THD standards recommended in IEEE Std-519 [22].
(a) (b)
Fig. 4. (a) Bode plots of magnitudes of selected weighting transfer functions,
(b) generalized control configuration of Fig. 3.
C. Problem Formulation and Resulting Optimal Controller
The Bode plots of the selected weighting transfer functions
in this work are shown in Fig. 4(a). The H∞-based optimal
problem is formulated and solved to generate a feedback
control law with resulting controller, CH∞(s), stated as:
Vinv(s) = CH∞(s)[Iref (s)− Iinv(s)]. (8)
As a result, the closed loop system equation for the VSI can
be found by combining (4) and (8) and can be written as
Iinv(s) = G(s)Iref (s)− Y(s)VTh(s), (9)
where,
G(s) = Ginv(s)CH∞(s)
1 + Ginv(s)CH∞(s)
, Y(s) = GTh(s)
1 + Ginv(s)CH∞(s)
.
Remark. It is equivalent to state that the optimal controller
is required to be designed satisfying the following conditions:
G(s)|s=jωo ≈ 1∠0o and Y(s)|s=jhωo << 1 for h = 1, 3, 5, 7.
The control system of Fig. 3 can be realized as a gen-
eralized control configuration as shown in Fig. 4(b) [20]. It
has a generalized MIMO plant, P(s), containing all nominal
models, M, WS(s), WCS(s) and Wd(s) with exogenous
input signal w :=
[
w∆ iref vˆTh vinv
]>
and output
signals z :=
[
z∆ zS zCS e
]>
. The controller, CH∞(s)
has input feedback signal, e, and output control signal, vinv .
The uncertainty function, ∆, with input z∆ and output w∆ is
represented using upper LFT [20]. The goal is to synthesize
the stabilizing controller that satisfies the following:
||Tw→z||∞ < 1. (10)
By means of hinfsyn command of MATLAB robust con-
trol toolbox, the synthesis of optimal controller is achieved.
Usually H∞-control algorithms produce controllers of higher
order and model reduction becomes essential to design a
low order implementable controller. It is achieved by using
balanced truncation method removing modes faster than the
switching frequency. The resulting controller, CH∞(s), is of
the order of 11 which is higher than that of conventional PR
controller with harmonic compensators only by 3. Fig. 5(a) and
5(b) corroborate the accomplishment of the objectives by the
resulting optimal controller with ||Tw→z||∞ = 0.63. Robust
stability is verified by robstab command of MATLAB.
(a) (b)
Fig. 5. Bode plots, (a) magnitudes of G(s), Y(s), (b) phase of G(s), Y(s).
TABLE I
GRID AND GRID-FEEDING VSI PARAMETERS UNDER STUDY
VSI Parameter Value
Ratings 240 V (RMS), 60 Hz, 11 kVA, 0.95 pf
VSI Parameters Vdc = 500 V, fSw = 20 kHz
LCL Filter Parameters Lf = 2 mH, Lg = 400 µH, Cf = 20 µF
Grid Parameter Value
Grid Impedance LTh ∈ [0, 0.53] mH, RTh ∈ [0, 0.05] Ω
V. VALIDATION AND RESULTS
The computational footprint of the proposed H∞-based
controller, an essential check for validating the performance
while implemented in a real low-cost micro-controller board,
is discussed here with a brief description of the test system.
A. Controller Hardware-in-the-loop Setup Description
Controller hardware-in-the-loop (CHIL)-based simulation
studies are conducted on OPAL-RT real-time simulator. North
American low voltage distribution feeder from CIGRE Task
Force C6.04.02, affiliated with CIGRE Study Committee C6
is emulated inside the OPAL-RT along with the power circuit
of a gfVSI, connected at Bus12 with parameters tabulated in
Table I. Ratings of distribution transformer, loads at each bus
and line parameters are provided in [23]. The test system is
modified by including sufficient amount of non-linear loads
at various buses while respecting the recommended limits
of THD mentioned in [22]. The proposed resulting H∞-
based controller is realized on a low-cost Texas-Instruments
TMS28379D Delfino controller board as shown in Fig. 6.
B. CHIL-based Experimental Result
Two test cases are examined by emulating a sequence of
events in the OPAL-RT platform. Test cases are enlisted as:
• CASE-1: The VSI is initially in no-load condition. At t =
50.03 s, there is a transition from no-load to full-load and
stays until t = 50.2 s. 20% under-voltage (of nominal)
occurs at t = 50.12 s and stays until t = 50.28 s when
voltage revives to nominal value. During this interval,
VSI is overloaded by 150% from t = 50.2 s. At t =
50.28 s, the VSI is switched to rated load condition until
t = 50.36 s when it switches over to no load condition.
• CASE-2: The VSI is operating in rated loading with a
sudden jump of equivalent grid inductance from 0 mH to
0.53 mH at t = 17.53 s while maintaining same loading.
Fig. 6. OPAL-RT based hardware-in-the-loop simulation platform with CIGRE test system and Texas Instruments Delfino TMS320F28379D controller board.
(a)
(b)
Fig. 7. CHIL simulation results for CASE-1, (a) output current and reference
waveform with tracking error, (b) power output and voltage waveform at PCC.
The results for CASE-1 are shown in Fig. 7. It is clearly
observed that the output current waveforms of VSI, iinv ,
is following iref with minimal tracking error as shown in
Fig. 7(a). The current and power outputs are maintained
during the sudden changes of vPCC as illustrated in Fig. 7(b).
Thus, the performance of the proposed controller of reference
tracking and disturbance rejection are validated in this case
studies. The results for CASE-2 are shown in Fig. 8(a) and
Fig. 8(b). It is observed that the performance of the proposed
current controller is sufficiently robust to a substantial amount
of variations in equivalent grid impedance and that validates
the robust performance of the proposed controller.
C. Performance Comparison
For the purpose of performance comparison, PR-based
current controller with PCC voltage feed-forward is considered
for the CHIL simulation. Reference [5] provides an elaborated
guidelines for designing the current controller with sufficient
gain and phase margins in order to possess a fair comparative
(a)
(b)
Fig. 8. CHIL simulation results for CASE-2, (a) output current and reference
waveform with tracking error, (b) power output and voltage waveform at PCC.
study. The current loop with PR controller is designed to have
PM ≥ 45◦ and GM ≥ 40 dB with bandwidth of 1.5 kHz.
Similar to CASE-1 and CASE-2, CASE-3 study is conducted for
comparison study of proposed H∞-based controller with PR
controller in this work. The case study is as follows:
• CASE-3: The VSI is operating at rated loading with
minimal grid impedance (stiff grid) until t = 17.53 s
when there is a sudden jump of grid inductance from
0.1 mH to 0.53 mH (weak grid). Moreover, at t = 17.62 s
VSI jumps to 150% loading condition with weak grid.
The results for CASE-3 are shown in Fig. 9. It is observed
that the output current of VSI, iinv , is following iref with
large tracking error in PR controller once the grid stiffness
weakens as shown in Fig. 7(a) and Fig. 7(b) respectively.
The results substantiate the fact that the proposed H∞-based
controller exhibits superior robustness in performance than the
PR controller at the cost of increasing the order of controller
only by 3 and no additional sensor requirements.
(a)
(b)
Fig. 9. CHIL simulation results for CASE-3 with output current and reference
waveform, tracking error, (a) H∞-based controller, (b) PR controller.
VI. CONCLUSIONS
This article demonstrates the design and implementation
of a robust current controller for single-phase gfVSI. The
uncertainty in grid impedance is modeled explicitly to leverage
the robustness in performance of the controller. H∞-based
controller design is followed and the required objectives for
the optimal controller are discussed which leads to the final op-
timal controller. OPAL-RT based CHIL studies are conducted
to verify the viability of the resulting controller. Moreover
performance with classical PR based controller are compared
to highlights the superiority of the proposed controller.
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